Spirooxazine can therefore be used as a powerful and multi-use detection tool. The large first hyperpolarizability (b tot ) is shown to rely on the alkaline earth metal, causing b tot values to increase nearly 21-fold, as evidenced by the larger charge distribution, lower transition energy, and separate distribution of first hyperpolarizability density. In contrast, variation of b tot in the Fe 2+ derivative is not obvious, owing to stronger complexation, a larger amount of charge transferred from the napthoxazine moiety to the metal, and the reduction in N/O distance between the ligand heads. Therefore, spiropyran-to-merocyanine molecular switching can be used to distinguish alkaline earth metals and determine the efficiency of cation detection.
Introduction
Cation detection techniques are of extensive interest because of their widespread application in various elds, including biology, chemistry, clinical biochemistry, and environmental sciences.
1,2
Conventional cation detection techniques are based on changes in light absorption, which results in color changes or uores-cence induction/modication. Spirooxazine (SP) responds to different external stimuli, such as light, 3, 4 temperature, 5, 6 and metal ions, to undergo reversible structural interconversion accompanied by changes in its photophysical properties. Therefore, it is of interest in optoelectronic applications to optical memories with data storage, 7-9 molecular switches, [10] [11] [12] [13] [14] and metal ion detection. [15] [16] [17] In particular, the introduction of different metal ions causes the closed-form spirooxazine to transform into the open-form metallic merocyanine (MC*M n+ ), which is always accompanied by a major change in geometric structure or p-electron conjugation, resulting in a signicant switching effect in nonlinear optical response properties.
18
Spirooxazines have been utilized extensively in the development of optical probes and molecular switches because their molecular architecture is easily tuned. Previous studies, which focused on coupling the changes in electronic structure and open-ring reaction mechanism of spirooxazine, have allowed an in-depth understanding of its optical properties in metal ion detection. A systematic study of highly sensitive and selective metal ion detection through optical signals using a spirooxazine derivative has been reported. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] As spirooxazine and its derivatives have strong uorescence signals, complexes of spirooxazine and transition metal cations (Fe 2+ , Zn 2+ , and Ag + ) have been fully reported at the molecular level. 19, 20 Recently, Huang et al. reported that spirooxazine combined with earth metal cations (Mg 2+ and Ca 2+ ) can show the superior metallochromic properties. 19, 21 Using the same rationale, alkali metals (Li + , Na + , and K + ) with spirooxazine were calculated to produce similar molecular switches. In this work, we demonstrate that selective cation recognition can be performed using molecular NLO switches. Indeed, this property is associated with the important rst hyperpolarizability (b tot ) contrast, when the merocyanine form complexes a series of alkaline, alkaline earth, and transition metal cations. In addition, the large NLO contrast is demonstrated to depend strongly on the nature of the metal, providing selective cation sensing.
Computational details
Geometry optimizations were carried out using the B3LYP 30, 31 functional as implemented in the Gaussian 09W 32 program. The 6-31G(d) basis set and the LanL2DZ effective core potential (ECP) basis set for transition metal cations (Fe 2+ , Zn 2+ , and Ag + )
were applied to the complexes studied. The B3LYP functional, a combination of Becke's three-parameter hybrid exchange functional and the Lee-Yang-Parr correlation functional, has been widely used in geometrical optimizations. [33] [34] [35] Harmonic vibrational frequency calculations were used to conrm that the optimized structures were minima, as characterized by positive vibrational frequencies.
The total rst hyperpolarizabilities, b tot , for the studied complexes are dened as:
where b i is dened as:
Choosing an appropriate method for the evolution of hyperpolarizability is crucial for hyperpolarizability calculations. High-level ab initio methods, such as the second-order Møller-Plesset perturbation method (MP2), coupled cluster methods (CCSD, CCSD(T), or even higher CCSD(T)) are known to be generally reliable for calculating molecular system hyperpolarizabilities. 36 However, the high scaling order of the ab initio methods requires tremendous computational resources with increasing system size. 37 Therefore, density functional theory (DFT) offers an attractive alternative to the demanding high-level ab initio methods. Four functionals, the BHandHLYP hybrid exchange-correlation functional, the M06-2X functional with a high percentage of HF exchange, and two long-range corrected functionals, CAM-B3LYP and uB97XD, were chosen to check that our calculations were consistent.
38,39
Moreover, studies have shown that basis sets must be chosen with due consideration of the calculation of optical properties, especially in hyperpolarizability calculations. 40, 41 Therefore, ve Pople's basis sets (6-31+G(d), 6-31++G(d), 6-31+G(d,p), 6-31++G(d,p), and 6-311++G(d,p)) were chosen to evaluate the effect of the basis set. Due to the high computational cost, MC*Ca 2+ was chosen to assess the basis set effects at the CAM-B3LYP level in this work. In order to further explain the second-order NLO behaviors of this series of complexes, time-dependent density functional theory (TD-DFT) is a useful tool for computing linear and nonlinear molecular properties, because of its desirable compromise between computational efficiency and accuracy. 42, 43 The uB97XD functional was found to be suitable for large p-systems. 44 Therefore, the absorption spectra of complexes were simulated using the uB97XD functional with the 6-31+G(d) basis set (LanL2DZ ECP basis set for transition metal ions).
All DFT and TD-DFT calculations were carried out using the Gaussian 09W program package, with the results analyzed by Multiwfn 3.3.8 soware. 45 
Results and discussion

Molecular structures
The photochromic molecules in this study originate from the combination of metal ions with spirooxazine, which can be converted into the corresponding open-form merocyanine aer the introduction of the metal ions (Scheme 1). The geometric structures of the studied complexes were optimized without any symmetry constraint at the B3LYP/6-31G(d)/LanL2DZ level. Typically, the closed spirooxazine consists of an indoline fragment and a napthoxazine moiety, which are kept almost orthogonal by a chiral "spiro" carbon atom. When metal ions are added, two isolated p-conjugated portions in the spirooxazine become extensively conjugated as a large coplanar struc- (Table 1 ). In the metal cation derivatives, the O 1 -N 1 distances became smaller (ranging from 2.549 to 2.798Å), which was easily explained by the metal cations having strong interactions with napthoxazine. Moreover, calculation results showed that metal ions were located near the center of the coplanar structure in the complexes, but slightly closer to the O side, probably because of the stronger interaction of O/M the different metal ions and the oxygen and nitrogen atoms were 1.792-2.422Å and 1.924-3.886Å, respectively. These data not only revealed strong O/M n+ and N/M n+ charge transfer interactions, but also indicated the metal ion location in the complexes. The bond length alternation (BLA) value, dened as the absolute value of the difference between the average length of single and double bonds, is a quantitative tool to evaluate the degree of p-conjugation in a molecule with conjugated bonds.
Smaller BLA values imply greater p-conjugation in the system. Compared with monovalent cations, complexation with divalent cations sharply decreased the BLA value of the napthoxazine moiety ($0.001Å vs. $0.056Å, as shown in Table 1 ), indicating greater p-conjugation in the system and further demonstrating that the two isolated p-conjugated parts in spirooxazine can become extensively conjugated upon the introduction of metal ions, which is associated with large hyperpolarizability NLO responses.
NBO analysis
The NBO charges of the metal cations are listed in Table 1 . For the alkali and alkaline-earth metal cation derivatives (Li + , Na + , K + , Mg 2+ , and Ca 2+ ), the metal charges decreased slowly with respect to the free metal cations. However, for transition metal cation compounds, the metal charge decreased moderately for Zn 2+ and Ag + , but signicantly for Fe 2+ . This large decrease was attributed to stronger Fe 2+ complexation with the napthoxazine moiety, as evidenced by analysis of the NBO second-order interaction energies, which provide a further interpretation of the stabilizing effect of the metal ions, as calculated using the following equation:
where q i is the donor orbital occupancy, 3 i and 3 j are the diagonal elements (orbital energies) of the Fock matrix, and F (i,j) is the off-diagonal NBO Fock matrix element. The stabilization energy, E 2 , indicates the strength of donor-acceptor interactions, as summarized in Table S1 . metal complexes and MC*Ca 2+ < MC*Mg 2+ < MC*Zn 2+ < MC*Fe 2+ for divalent metal complexes.
First hyperpolarizability
Quantum chemistry calculations can aid understanding of the relationship between molecular structure and NLO properties, and prescreen molecules with large NLO responses. [53] [54] [55] As no experimental or theoretical b tot values were available for the studied compounds, a comparative discussion of the results obtained using different DFT methods (see Table 3 ) was useful. Here, four DFT functionals (CAM-B3LYP, BHandHLYP, M06-2X, and uB97XD), were used to assess the effect of DFT functionals on the rst hyperpolarizability. Notably, the b value of the four functionals varied within a small margin for SP and the monovalent metal complexes (Table S2 † and Fig. 1 ). However, BHandHLYP can give relatively large b values, while M06-2X underestimates b values, which seem to be comparable with the CAM-B3LYP result, providing a consistent rst hyperpolarizability picture with respect to the method uB97XD for divalent metal complexes. Moreover, recent studies show that the rst hyperpolarizabilities predicted by CAM-B3LYP are similar to those obtained by MP2.
56-58 Therefore, we used the CAM-B3LYP results as an example to assess the multistate second-order NLO behaviors of the complexes studied. Moreover, ve Pople's basis sets Table S4 , † and clearly show that the b tot values in methanol solvent are larger than those in the gas phase, but variation tendencies remaining the same, with b tot values 10-21 times higher aer the metal ions were added. The regularity of the b tot values remained the same in gas-phase and methanol-solvent conditions. The calculation in the gas phase can be proved to be reasonable. Therefore, we used the gas phase results to discuss the secondorder NLO behaviors of the complexes studied. The calculated rst hyperpolarizability (b tot ) values of the studied compounds at the 6-31+G(d) (LanL2DZ basis set for the transition metal ion) level are given in Table 3 . For these compounds, the origin of the Cartesian coordinate system was located in the middle of the C1-C2 bond in the metal complexes (Fig. 2) , and in the xy-plane with the central C1-O1 bonds, and x-axis along with napthoxazine moiety in SP (Scheme 1). Before discussing the rst hyperpolarizabilities, it is worth studying the dipole moments. The dipole moments of the metal cation complexes were obviously larger than that of SP. This meant that the complexation of SP with metal cations signicantly enhanced the dipole moment, due to the strong positive charge of the metal cation. The principal component of dipole moment was m y for all the compounds studied (except for MC*Li + , for which it was m x ) and its sign was positive. The orientation of the dipole moment remained in the positive direction of the y-axis and was aligned with the center of indoline and naphthoxazine in the metal axis (Fig. 2) . The size of the dipole moment and the positive metal cation charge separation was clearly implied by the total electrostatic potentials. As typical examples, the total electrostatic potentials of SP, MC*K + , MC*Ca 2+ , MC*Fe 2+ , and MC*Zn 2+ are plotted in Fig. 3 . As shown, the important region of positive charge is the metal cation fragment. In contrast, the net negative charge is mostly located on the oxygen atom of the naphthoxazine fragment. This charge distribution led to large dipole moments in the complexes studied. As mentioned above, the separation of charges is large, inevitably leading to a large rst hyperpolarizability. For SP, the calculated b tot value was only 4. Consequently, these improved b tot values for MC*M n+ were also due to the formation of larger p-conjugated system with the aid of metal ions, which, as is mentioned previously regarding BLA values, also play a vital and predominant role in the selection of metal cations. Therefore, SP can be used for selective sensing or NLO-based detection of cations.
For all compounds, the b x component was dominant (except for SP and MC*Fe 2+ , for which b y was dominant) in describing the b tot responses, compared with b y and b z components, suggesting that, during polarization, electronic charge transfer is expected along the x-axis. However, intramolecular charge transfer of naphthoxazine along the y-axis occurs in SP, and a small amount of charge transfer from the naphthoxazine fragment to metal remains in MC*Fe 2+ .
We also examined the spatial contributions of different molecular regions to the static rst hyperpolarizability using the hyperpolarizability density 59, 60 in the nite eld (FF). As is well known, the dipole moment m(F) can be Taylor expanded in powers of the external eld,F, as
Similarly, Taylor expansion of the electron density function r(r,F) can also be conducted as
From eqn (4) and (5), static b can thus be expressed as
where
This second-order derivative of electron density with respect to the applied electric eld is referred to as the b density. In this study, we conne our attention to the b density r (2) (r)(r (2) xx (r)) corresponding to b xxx , which is the most crucial component of b in the metal cation complexes, except for MC*Fe 2+ (Table 2) .
In this section, we focus on the MC*Ca 2+ complex because it has electronic distributions similar to those of MC*Li + , MC*Na + , MC*K + , MC*Mg 2+ , MC*Zn 2+ , and MC*Ag + along the x-axis. Moreover, r
yy (r) is related to b yyy and is the most signicant component for SP and MC*Fe 2+ . These r (2) xx (r) and r (2) yy (r) can be calculated at each spatial point in discretized space using the following second-order numerical differentiation formulas:
where r(r,F x ) or r(r,F y ) represent the electron density at spatial pointr in the presence of electric eld F x or F y , respectively. The applied electric elds along the x-axis and y-axis were 0.003 a.u. The electron densities over a three-dimensional grid of points were evaluated using the CAM-B3LYP functional with 6-31+G(d) (LanL2DZ for transition metal ion) from the Gaussian 09 program package.
In this work, the visualized results of the Àxr . MC*Ca 2+ contained remarkably large negative contributions, principally distributed in the naphthoxazine fragment and the inner regions of the indoline fragment, and, hence, gave a considerably large negative b xxx value (À75.3 Â 10 À30 esu).
TDDFT studies
To understand the rst hyperpolarizability values, TD-DFT calculations of the studied complexes were carried out at the uB97XD/6-31+G(d)/LanL2DZ level. In SP, the napthoxazine moiety serving as an electron donor contained the majority of occupied molecular orbitals. The orthogonality of the indoline and napthoxazine moieties led to little overlap between the orbital pairs, resulting in the generation of a weak CT transition between the napthoxazine moieties. Meanwhile, the transition energy of SP was rather large (5.53 eV), as observed via electron density difference plots (Fig. 5 ). For MC*Fe 2+ , the crucial excited state was formed by the orbits of the HOMOÀ1 / LUMO and HOMO / LUMO+1 transitions. The HOMO and HOMOÀ1 were found to be localized on the whole merocyanine molecule and napthoxazine unit, respectively, while the LUMO and LUMO+1 were localized on the metal center and napthoxazine unit, respectively. A partial area of overlap between these transitions would generate a charge transfer from the napthoxazine unit to the metal center, and thus this excited state contained the ligand-to-metal charge-transfer (LMCT) transition. From the electron density difference plot of MC*Fe 2+ , we also noted that there were some p-p* and p-d contributions, and slightly weak CT transitions over the MC*Fe 2+ . However, for MC*K + , MC*Ca 2+ , and MC*Zn 2+ , there were no contributions from these molecular orbitals to the metal center. These rst transitions were dominated by HOMO-to-LUMO singly excited electronic congurations, and were assigned as p-p* transitions displaying better charge transfer character from the indoline to the napthoxazine moiety (see Fig. 6 ). It was also noted that the direction of charge transfer in the coplanar MC series (MC*K + , MC*Ca 2+ , and MC*Zn 2+ ) was along the x-axis, inevitably resulting in negative b x values. Furthermore, these complexes with larger p-conjugation, lower excited energy, and stronger oscillator strength might be promising for generating a large increase in static rst hyperpolarizability. Molecular NLO properties are closely related to electronic absorption characteristics. Therefore, the static rst hyperpolarizability can be elucidated from the electronic absorption characteristics using the two-level model established by Oudar and Chemla, 61, 62 with relevant parameters shown in Table 3 and visualized in Fig. 7 . The DE values of crucial transition states that made that largest contribution to the hyperpolarizabilities are listed in Table 3 , and MC*Zn 2+ at the uB97XD/6-31+G(d)/ LanL2DZ level Using various functionals, DFT calculations showed that the introduction of various metals into spirooxazine can drastically enhance second-order NLO switches. For the large conjugated MC*Ca 2+ compound, the rst hyperpolarizability (b tot ) increased signicantly, due to the obvious charge transfer from the indoline unit to the napthoxazine unit, large charge distribution, and lower transition energy. In contrast, the b tot values of the Fe 2+ derivative increased moderately due to the larger amount of charge transferred from the napthoxazine unit to the metal and the shorter N/O distance between the ligand heads. Consequently, the performances of both prototypical and additional metal compounds in this study showed them to be excellent candidates for optical molecular switches, and further veried the ability of spirooxazine/merocyanine systems to selectively detect alkali, alkaline earth, and transition metal cations.
